Objective Both decreased glomerular filtration rate (GFR) and arterial stiffness were considered as risk factors for atherosclerosis. Previous studies have suggested the association between central arterial stiffness and the degree of GFR loss. Whether decreased GFR contributes to peripheral artery stiffness remains controversial. Moreover, data analyzed from a cohort of Chinese women are rare. Our aim was to explore the relationship between GFR and regional arterial stiffness in Chinese women. Methods In this cross-sectional study, we randomly recruited 1131 adult women residents with GFR ≥ 60 mL/min per 1.73 m 2 estimated by the Chinese Modification of Diet in Renal Disease equation from three large communities. Central and peripheral arterial stiffness were estimated simultaneously by measuring carotid-femoral pulse wave velocity (PWVcf) and carotid-radial PWV (PWVcr) using a validated automatic device. Augmentation Index at heart rate 75 beats/minutes (AIx-75) was measured by pulse wave analysis as a composite parameter reflecting both large and distal arterial properties. Results The mean estimated GFR (eGFR) of the study group was 100.05 ± 23.26 mL/minute per 1.73 m 2 . Subjects were grouped by tertiles of eGFR level. PWVcf and AIx-75 increased ongoing from the top to the bottom eGFR tertile, while the values of PWVcr were comparable. Both univariate Pearson correlations and multiple stepwise regression analyses showed that eGFR significantly correlated to PWVcf, but not to PWVcr and AIx-75. Conclusions In Chinese women with normal to mildly impaired renal function, decreased eGFR affected carotid-to-femoral rather than carotid-to-radial stiffening. This provides rational to conduct future prospective studies to investigate predictors of atherosclerosis in this population.
Introduction
Cardiovascular disease (CVD) is a common cause of death among women. [1] Though evidence-based guidelines offer clinicians recommendations for preventing CVD in women, high coronary risk in many women remains underdiagnosed and under-treated. [2−4] Hence, changing the burden of cardiovascular morbidity is based on early recognition and risk stratification for CVD. In recent years, renal insufficiency is considered as an independent risk marker for CVD. [5] Even minor reductions in glomerular filtration rate (GFR) were associated with a higher cardiovascular (CV) mortality risk. [6] Renal insufficiency may cause premature and accelerated atherosclerosis, which is considered a strong predictor of CV mortality. [7] Traditional risk factors such as age, hypertension, glucose intolerance, or hypercholesterolemia, account partly for these processes. One possible critical mechanism for this association may be increased arterial stiffness. Arterial stiffness can be systemic or regional, and has an independent predictive value for all-cause and CV mortality in patients with various levels of CV risk. [8−10] Several methods exist for evaluating arterial stiffness. Among them, pulse wave velocity (PWV) and the augmentation index (AIx) are practical and reproducible non-invasive indicators for early detection of arterial stiffness. [11] Carotid-femoral PWV (PWVcf) and carotid-radial PWV (PWVcr) are used to measure central and peripheral arterial stiffness, respectively. [10] The AIx was measured by pulse wave analysis as a composite parameter reflecting both large and distal arterial properties. Past studies suggested the relationship between the http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology degree of GFR loss and of pertinent alterations of PWV in patients with atherosclerosis. [10, 12, 13] However, whether GFR could serve as an independent predictor of arterial stiffness in subjects with normal renal function remains controversial, and whether decreased GFR contributes equally to central and peripheral arterial stiffness in women remains unclear.
Given the large burden of cardiovascular disease in individuals with chronic kidney disease, assessing the relationship between estimated GRR (eGFR) and vascular stiffness parameters in its early stage is important. Hence, we conducted a crosssectional study in 1,131 women with normal GFR and analyzed possible correlations between renal function, parameters of CVD and arterial stiffness in this population.
Methods

Design and participants
This cross-sectional study included female residents from three different communities of Beijing. These underwent a survey for Women's cardiovascular risks evaluation during the period from May 2007 to July 2009. A total of 1,340 women, over 20 years of age, were invited to participate in the program that consisted of an interview, anthropometric measurements, blood sampling, PWV and AIx measurements. All participants were ethnically homogeneous (100% Han Nationality). The study adhered to the Declaration of Helsinki and was approved by the Ethics Committee of Chinese PLA General Hospital. Each participant provided her written informed consent.
Among a total of 1,340 participants, those who had a clinical history of congestive heart failure, arrhythmia, valvular heart disease, eGFR less than 60 mL/min per 1.73 m 2 , took medications like ACE inhibitors and beta blockers for the treatment of hypertension, or those with incomplete data were excluded from the analysis. Consequently, 1,131 eligible individuals with a mean age of 55.4 ± 13.8 years were included.
Questionnaire and anthropometric measurements
A questionnaire was completed for each subject at inclusion using a face-to-face interview method. The survey assessed traditional cardiovascular risk factors, including age, family history of premature cardiovascular events, cigarette smoking and history of hypertension, CVD and diabetes mellitus. Subjects were considered as non-smokers if they have never smoked or if they have ceased smoking for at least three consecutive years. The investigation was completed by physicians in the Department of Geriatric Cardiology of the PLA General Hospital who were trained by the research team.
Physical examinations, including anthropometry and blood pressure (BP) measurements, were performed in the morning following an overnight fast in the supine position for each patient. Brachial BP was measured with a mercury sphygmomanometer (Yuyue, Armamentarium Limited Company, Jiangsu, China) after 15 minutes of recumbent rest. Phases I and V of the Korotkoff sounds were used as the systolic BP (SBP) and diastolic BP (DBP), respectively. Pulse pressure (PP) is the difference between systolic blood pressure and diastolic blood pressure. The mean blood pressure (MBP) was calculated from the following formula: MBP = DBP + PP/3. Two measurements at an interval of 3 minutes were averaged. Anthropometric measures (height, body weight, and waist and hip circumferences) were recorded by a standardized protocol. Body mass index (BMI) was calculated as weight (kg)/height (m 2 ).
Laboratory measurements
All subjects underwent full laboratory evaluation (lipid profile, glucose and kidney function indices). Venous blood samples were obtained between 8 a.m. and 10 a.m. from fasting participants after they had been resting for 10 minutes to 15 minutes, routinely stored at 4℃, and delivered to the Department of Biochemistry, Chinese PLA General Hospital on the same day. The biochemical variables were measured by a qualified technician using enzymatic assays (Roche Products Ltd., Switzerland) on a fully automatic biochemical autoanalyzer (COBAS c6000, Roche Products Ltd., Switzerland). Renal function was quantified as eGFR that was calculated according to the Chinese modified MDRD equations. [14] 
Pulse wave reflections and PWV evaluation
Pulse wave analysis was used to determine aortic AIx, defined below. Subjects remained in a seated position, and measurements were taken immediately following determination of brachial BP. [12, 15] The right radial artery was gently compressed with the tip of a tonometer at the site of maximal pulsation. The tonometer contains a micromanometer which provides a very accurate recording of the pressure within the artery. A generalized transfer function was applied to the radial artery waveform in order to derive the aortic pressure waveform. From this aortic pressure waveform, the augmentation pressure (AG) and AIx were calculated. The AG is defined as the height of the late systolic peak above the inflection point on the waveform and may be positive or negative depending on the relative heights of the two peaks. The AIx is defined as AG expressed as a percentage of the aortic pulse pressure. As there is a linear relationship between heart rate and augmen-Journal of Geriatric Cardiology | jgc@jgc301.com; http://www.jgc301.com tation index, the AIx was standardized to a steady heart rate of 75 beats/min (AIx-75). Data from the mean of two central aortic pressure waveforms were taken for each subject. The Sphygmocor ® (Atcor Medical, West Ryde, Australia) system was used for analysis of the radial pressure wave contour. PWVcf and PWVcr pulse wave velocity were then obtained using validated non-invasive devices (Complior Colson device, Createch Industrie, France). Three different pressure waveforms were obtained simultaneously at three sites: the right carotid, radial and femoral arteries. Transit distances were assessed between each pulse-recording site. PWVcf and PWVcr were then automatically calculated from measurements of pulse transit time and the distance between the two sites from tonometry waveforms and body surface measurements as previously described. [12, 15] The mean PWV of at least 10 consecutive pressure waveforms was calculated for further analysis.
The same observer, blinded to the subject's identity, performed all the measurements. The interclass correlation coefficients between the first and second measurements were 0.95 for the AIx-75 and 0.87 for PWV. The coefficients of variation for the AIx-75 and PWV were less than 5%.
Statistical analysis
Statistical analyses were performed with SPSS 11.0 software (Statistical Package for the Social Sciences, Inc., Chicago, IL, USA). The data are presented as mean ± SD or percentages. Student's t-test or one-way analysis of variance (ANOVA) was used to compare continuous variables for groups and the chi-square test to compare categorical variables. Uni-variate linear regression analysis was performed to investigate correlations between PWV, or AIx-75, and the variables of interest in the study population. Multiple stepwise regression analyses were performed using PWV or AIx-75 as a dependent variable to evaluate the effect of risk factors, including eGFR, to alterations of arterial stiffness. All tests were two-tailed and P < 0.05 was considered statistically significant.
Results
Clinical characteristics categorized by tertiles of eGFR
A total of 1,131 Chinese women (mean age 55.4 ± 13.8 years; range 20-85 years) completed all the procedures. General characteristics of all the subjects are shown in Table 1 . The mean eGFR of the study group was 100.05 ± 23.26 mL/min per 1.73 m 2 . The mean PWVcf, PWVcr and AIx-75 were 10.7 ± 2.73 m/s, 8.97 ± 1.28 m/s and 27.87% ± 9.74%, respectively.
The subjects were grouped by tertiles of estimated GFR level; partition values among tertiles were 87.34 and 108.82 mL/min per 1.73 m 2 (Table 1) . Subjects in the bottom eGFR tertile were older, had higher serum total cholesterol (TC), low density lipoprotein cholesterol (LDL-C), and uric acid (UA) values. Moreover, SBP and PP increased with decreasing eGFR. In contrast, DBP values were not significantly different among the three groups. The groups did not differ by HR, serum HDL-C and fasting blood glucose (FBG) levels. As shown in Table 1 and Figure 1 , PWVcf and AIx-75 increased from the top to the bottom in the eGFR tertile. On the contrary, PWVcr showed no significant difference among the three groups (Figure 1 ).
Association of eGFR with arterial stiffness
As depicted in Figure 2 , the values of eGFR had a significant inverse relation with PWVcf (r = −0.357; P < 0.001), as well as with AIx-75 (r = −0.114; P < 0.001), but not with PWVcr (r = −0.055; P = 0.065). As reported in Table 2 , PWVcf, PWVcr and AIx-75 significantly correlated to each other (r = 0.097-0.362; P < 0.001, for all). All measured parameters of arterial stiffness were correlated with BP and PP. PWVcf increased steeply with age and had a significant relation to body height, HR, lipid profile, serum UA and FBG levels. Only BP positively correlated to PWVcr.
In a stepwise multiple regression model in which eGFR, age, smoking habits, BMI, MBP, serum LDL-C, TG, HDL-C, UA and FBG concentration served as independent variables, it was found that eGFR was significantly associated with PWVcf, along with age, MBP, HDL-C and FBG (R 2 = 0.479, F = 156.89, P < 0.001). However, only MBP was the significant predictor for PWVcr (R 2 = 0.058, F = 32.703, P < 0.001). MBP, age and BMI were significantly correlated to AIx-75 (R 2 = 0.493, F = 109.781, P < 0.001). All the explanatory variables were shown in Table 3 .
Discussion
This study underlined the correlation between the decreased eGFR and increased arterial stiffness in Chinese women. We found that the decreased eGFR exhibited a significant reverse association with PWVcf in women with normal to mildly impaired renal function, and thus may play a role in the process of central arterial stiffening.
Although some population-based studies indicated a highly significant relationship between artery stiffness and decreased GFR in subjects with mild to severe renal insufficiency, there were less extensive data about subjects with normal to mildly impaired renal function. In agreement with our results, Kawamoto et al. [16] showed the decreased eGFR had an independent, inverse association with arterial stiffness, as reflected by increased heart to carotid, heart to brachial, and heart to ankle PWV in general residents. Yoshida et al. [17] showed the degree of GFR loss had a weak, ). In contrast, Schillaci et al. [10] reported the decreased eGFR (using Mayo clinic equation) was a major determinant of both central and peripheral arterial stiffness in hypertensive patients with normal renal function. Thus, different sample sizes, variety of indices used to assess arterial stiffness, different arteries studied, different equation for the evaluation of GFR and different characteristics of the monitored study population may at least partially explain discrepancies in the results of the above mentioned studies. Our study, to the best of our knowledge, demonstrated for http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology : coefficient of determination; B: Unstandardized coefficients; SE: standard error of B; β, standardized coefficients; MBP: mean blood pressure; HDL-C: high-density lipoprotein cholesterol; FBG: fasting blood glucose; eGFR: estimated glomerular filtration rate; BMI: body mass index; PWVcf: carotid-femoral pulse wave velocity; PWVcr: carotid-radial pulse wave velocity; AIx-75: Augmentation Index at heart rate 75 beats/min. the first time in women with normal to mildly impaired renal function, decreased eGFR values were correlated to parallel increments of central arterial stiffness (PWVcf). In this study, subjects with lower eGFR had advanced age, altered lipid profiles and hypertension as risk factors; hence the former could not be identified as an independent predictor of arterial stiffness.
The aging process affects kidney function as well as arterial stiffness. However, the arterial system is heterogeneous, and the aging processes of structural and functional changes differ markedly in central capacitive arteries and more peripheral conduit arteries. It has been reported that PWV increases with age and that this increase was higher in the PWVcf than in the carotid-brachial PWV. [18] The accelerated stiffening of central over peripheral arteries was also observed in end stage renal disease patients [8] and in patients with impaired glucose metabolism or type 2 diabetes. [19] Herein, PWVcf is independently associated with impaired kidney function along with other traditional CVD risk factors, such as age, MBP and hyperglycemia, whereas PWVcr and AIx-75 is principally dependent on MBP.
The present study was in line with previous findings that BP is a very strong determinant of arterial stiffness. SBP and PP abet age-related changes in vessel stiffness by enhancing the magnitude of the pulse related component of the stress and strain placed on the vessel with each heartbeat. [20] In addition, the level of BP creates an initial "loading" condition that regulates pressure wave conductance in the aorta. Increasing the BP in an individual will increase the PWV. [21] Tomiyama et al. [22] determined the age-related increase of brachial-ankle PWV was increased according to the severity of hypertension. It is clear that the systolic pressure varies in different arterial beds within the same person depending on the interaction of the forward and backward traveling waves, which is related to vessel stiffness. Thus, direct measurement of stiffness, such as PWV, provides the best estimate of aortic stiffness other than brachial pressure and PP. Estimated GFR showed significant associations with BP in addition to PWV, indicating that hypertension was the associated factor underlying the presence of decreased eGFR. The present results are in agreement with the hypothesis that mild impairment of renal function might increase arterial stiffness. Schillaci et al. [10] found that the decreased eGFR was a major determinant of accelerated progression of central and peripheral arterial stiffness in hypertensive patients with normal renal function. However, most of our subjects were selected from middle to elderly community based samples and were considered to have been in a more advanced atherosclerotic group. Several studies have found that diabetic subjects have higher PWV. Stehouwer et al. [23] reviewed studies in which regional stiffness estimates were compared in different arterial segments, results showed that diabetes preferentially affected the central, rather than peripheral, portion of the arterial tree or had a similar impact on the stiffness of central and peripheral segments. In contrast, in studies where stiffness estimates had been assessed locally at
Journal of Geriatric Cardiology | jgc@jgc301.com; http://www.jgc301.com different (mainly peripheral) arterial sites, the deleterious effects of diabetes were stronger at the more muscular (i.e., radial, brachial, and femoral) rather than the more elastic (i.e., carotid) arteries. However, preferential stiffness of elastic over muscular arteries had also been shown. [23] In the present study, we found that FBG significantly correlatesd to, and also served as, a major contributor for PWVcf, which indicates a higher glucose level associated with higher central arterial stiffness. The mechanism might involve increased sympathetic and renin-angiotension-aldosterone system stimulation, endothelial dysfunction, as well as increased renal sodium absorption and advanced glycation end products resulting in vascular remodeling. AIx is a composite parameter reflecting both large and distal arterial properties. Higher values of AIx are accompanied with stiffer vessels due to greater reflection of the pulse wave distally. Several studies also found that central PWV were closely related to AIx. Their correlation coefficient varies from 0.29 to 0.66, with women's correlation rate higher than men's. [24] [25] [26] [27] The study here confirms the observation above. Furthermore, although the simple correlation analysis showed that AIx-75 was negatively associated with eGFR, this relation became blunt in the multivariate stepwise analysis, indicating the impaired eGFR only partly affected the systemic arterial stiffening. Some researchers consider that the AIx gives a better reflection of systemic vascular stiffness than PWV because AIx is affected by the amplitude of the reflected wave in addition to its velocity. Despite these potential confounders, AIx has been shown to predict cardiovascular mortality in end-stage renal failure, [12] but, to date, has not been seen to be predictive of outcome in any other patient group. The underlying mechanism of renal functional alterations on arterial stiffening may involve the sodium and water balance, the renin-angiotensin-aldosterone system, the calciumphosphate metabolism, or even vasoactive factors, such as nitric oxide and endothelin, or other compounds of endothelial origin. [28, 29] Moreover, the mean age of our study population is greater than the median menopause age of Chinese women. [30] This indicated that post-menopause might have also been involved in the promotion of atherosclerosis. [31] There are several limitations in our study. First, our study has inherent limitations due to its cross-sectional nature. Second, since the majority of the study population had several risk factors, including hypertension and dyslipidemia, we could not eliminate the possible effect of underlying diseases and related medications on the present findings, although we ruled out those using the medications like ACE inhibitors and beta blockers, which may affects the measurements of PWV and AI. [32] In conclusion, our study showed that the decreased GFR is significantly inversely related to increments of arterial stiffness in a large cohort of Chinese women with normal renal function. Notably, GFR alterations were not independent predictors of changes in pertinent arterial stiffness due to the combined effect of other important co-factors, such as aging, hypertension and glucose intolerance. However, the present findings provide rational to conduct future prospective studies to investigate predictors of atherosclerosis in this population.
